Introduction
============

Muscle is the only apparatus that can transform energy into force and movement in the human body. Generally, males display greater strength and muscle capacity than females while performing a task. Former histochemical and biochemical studies demonstrated that there were many differences in both fiber type composition and contractile speed of skeletal muscle between males and females ([@ref-14], [@ref-14]; [@ref-18], [@ref-18]), with males having a significantly higher overall capacity for aerobic oxidation and for anaerobic glycolysis ([@ref-4], [@ref-4]). Although, a muscle needle biopsy is often regarded as the gold standard in evaluating muscle, the small tissue sample may not be representative for the entire muscle and is perhaps just a single snapshot of resting muscle ([@ref-15], [@ref-15]). Due to the technical challenges and their invasiveness, biopsies are usually not repeatable in dynamic studies.

The ^31^P magnetic resonance spectroscopy (^31^P-MRS) methods concentrate on high-energy phosphate metabolism in skeletal muscle to better understand the physiology of mitochondrial ATP synthesis ([@ref-7], [@ref-7]). In contrast to muscle biopsies, ^31^P-MRS is noninvasive, continuous and repeatable ([@ref-8], [@ref-8]). It allows tracking of real time changes in the relative concentrations of metabolites that are involved in high- energy phosphate metabolism such as adenosine triphosphate (ATP), phosphocreatine (PCr), inorganic phosphate (Pi) as well as changes in muscle pH. The oxidative recovery rate constant and oxidative capacity can be further calculated. It makes more sense to examine high energy phosphate metabolism during exercise. So far, this technique has been widely used to study energy metabolism and oxidative capacity of muscle in several skeletal muscle and endocrine disorders ([@ref-11], [@ref-11]; [@ref-20], [@ref-20]; [@ref-12], [@ref-12]; [@ref-22], [@ref-22]; [@ref-1], [@ref-1]).

In former studies, many histological examinations showed the difference of skeletal muscle (vastus lateralis muscle and tibialis anterior muscle) between males and females such as muscle cross-sectional area and volume, fibre type composition and maximal enzyme activities, etc. ([@ref-18], [@ref-18]; [@ref-4], [@ref-4]; [@ref-5], [@ref-5]). However, few studies of sex differences in phosphate metabolism of lower limb skeleton muscle by ^31^P-MRS have been reported. A ^31^P-MRS study of gastrocnemius in healthy Indian men and women exhibited no sex differences in phosphate metabolism, oxidative recovery rate constant and oxidative capacity ([@ref-13], [@ref-13]). Another ^31^P-MRS study of quadriceps from Germany shows that pH was the only one of the evaluated spectroscopic parameters that showed a sex dependence ([@ref-17], [@ref-17]). Both of the above ^31^P-MRS studies used a 1.5T MR scanner with a shorter repetition time (TR) of 1,500 ms, which potentially may generate unstable spectral data. The German study also used an un-individauted sandbag with constant weight as an exercise load. This problem was addressed by using an in-house fabricated wooden ergometer from the study in India. In the present study, ^31^P-MRS was performed in 3.0T MRI scanner using a longer TR of 5,000 ms and the exercise load was controlled by a self-designed force control and gauge system.

Material and Methods
====================

Ethical approval
----------------

This study was approved by the ethical committee of the Affiliated Drum Tower Hospital of Nanjing University Medical School (Number AF/SQ-03/02.6). The study complied with the Declaration of Helsinki. Oral and informed consent was obtained from all volunteers.

![The custom built MR compatible quantitative force control system.\
(A) is a computer control system, (B) is a digital panel with "feedback-mechanism" and (C) is a knee-extending excises pedal made with plastic.](peerj-04-2259-g001){#fig-1}

Subject
-------

This study was approved by the ethical committee of the Affiliated Drum Tower Hospital of Nanjing University Medical School. A total of 17 healthy volunteers (10 male and 7 female) with similar physical activity habits, males aged 21--25 yr (mean 23.30 ± 1.25 yr) and females aged 22--24 yr (mean 23.57 ± 0.79 yr), performed knee-extending excises while lying prone in Philips 3T MRI scanner (Achieva 3.0T TX, Eindhoven, Netherlands) using a force control and gauge system ([Fig. 1](#fig-1){ref-type="fig"}). All subjects had no musculoskeletal, cardiovascular or endocrine diseases and were not undergoing any treatment for any other diseases. For all subjects, health status was assessed based on medical records and physical examination.

Force control and gauge system
------------------------------

The module with a knee-extending pedal (400 mm × 215 mm × 195 mm) was specially designed in-house to stress-test the quadriceps ([Fig. 1](#fig-1){ref-type="fig"}). The maximum standard torque of this equipment is 80 Nm.

^31^P-MRS acquisition
---------------------

A transmitter/receiver surface coil (dimension 14 cm × 14 cm, Philips, Netherlands) was used to obtain ^31^P-MRS. The coil was firmly placed under the middle of the quadriceps. ^31^P-MRS sequence was obtained using the following parameters: TR = 5,000 ms, TE = 0.1 ms, NSA 8, VOI = 30 mm × 30 mm × 120 mm, acquisition time = 50 s. The ^31^P-MRS sequence was acquired at three phases: Phase 1 (pre-exercise): the resting stage; Phase 2 (during-exercise): dynamic measurements were taken of the loaded quadriceps with a 25% maximum voluntary contraction (MVC) ([@ref-19], [@ref-19]), this sequence was repeated six times, lasting 5 min; Phase 3 (post-exercise): recovery measurements were taken with the muscle at rest, sequence repeated six times, lasting for 5 min. The initial MVC for each subject's quadriceps muscles was determined before ^31^P-MRS acquisition, measured by maximum load difference between maximum force during exercise and at rest. The subject pushed the load by extension of the lower leg once every 5 s over a 5-minute interval.

Metabolite measurements and PCr recovery kinetics
-------------------------------------------------

^31^P-MRS measurements of inorganic phosphate (Pi), phosphocreatine (PCr) and adenosine triphosphate (ATP) were acquired from quadriceps while subjects were in a state of pre-, during- and post-exercise. Resonance areas of Pi, PCr, and ATP were corrected for saturation effects, and relative concentrations of them were determined from the corrected resonance areas as detailed in previous reports ([@ref-10], [@ref-10]). The ATP value is equal to the sum of three different subtypes of ATP (*α*-ATP, *β*-ATP and *γ*-ATP). The absolute PCr and Pi concentrations were calculated using PCr/*β*-ATP, PCr/Pi ratios, assigning a concentration of 5.5 mmol kg^−1^ muscle wet weight to the average resting value of the *β*-ATP peak. The PCr, Pi, PCr/Pi, PCr/ATP, pH, work/energy cost ratio (WE), *k*~PCr~ and oxidative capacity of males and females were calculated respectively. The pH value was calculated according to chemical shifts of Pi and PCr by using the following formula: pH = 6.75 + log(Δ − 3.27)∕(5.69 − Δ), where Δ is the chemical distance between Pi and PCr \[8\]. The exercise load per body weight (L/W, exercise load/bodyweight) was calculated as the true load situation to compare between males and females. The WE of muscles was calculated as the load (kg) divided by the Pi:PCr ratio ([@ref-10], [@ref-10]). The linear model of oxidative phosphorylation was used for studying recovery kinetics. The *k*~PCr~ is an oxidative recovery rate constant, which was calculated according to the following formula: \[PCr\]~*t*~ = \[PCr\]~0~ + Δ\[PCr\](1 − exp^(−*t*∕*τ*)^), where \[PCr\]~0~ is the level at the beginning of recovery, Δ\[PCr\] = \[PCr\]~rest~ − \[PCr\]~0~ and *k*~PCr~ = 1∕*τ*, where *τ* = time constant. Oxidative capacity was estimated for each subject by the product of *k*~PCr~ and \[PCr\]~rest~ ([@ref-13], [@ref-13]).

Statistical methods
-------------------

Measurement data was presented as mean ± standard deviation (SD). Statistical Package for Social Sciences (SPSS) version 20.0 software (SPSS Inc., IL, USA) was used for statistical analysis. The differences in data between males and females were evaluated by independent-samples *T* test (two-tailed). Paired-samples *T* test was used to calculate the differences of metabolites between pre-exercise and post-exercise. Each phosphate metabolite ratio among three phases was compared using one-way analysis of variance (ANOVA), multiple comparison using LED test (equal variances) and Tamhane test (unequal variances) based on the results of a homogeneity test of variances. *P*-value \< 0.05 was considered statistically significant.

Results
=======

General information
-------------------

17 volunteers underwent the study. Males: *N* = 10, age = 23.30 ± 1.25 years; females: *N* = 7, age = 23.57 ± 0.79 years. All volunteers carried out the exercise within the magnet according to the protocols and did not come across any problems. Although average height (males = 1.74 ± 0.06 m, females = 1.63 ± 0.06 m, *p* = 0.002), weight (males = 66.10 ± 10.15 kg, females = 53.14 ± 5.18 kg, *p* = 0.008) and exercise load (3.03 ± 0.78 kg vs. 2.18 ± 0.73 kg, *p* = 0.040) of male were taller, heavier and greater than female, there were no statistically significant differences in age, BMI and L/W between them. In this study, males had significantly greater WE (16.33 ± 6.46 vs. 7.82 ± 2.16, *p* = 0.002) than females. The detailed data is presented in [Table 1](#table-1){ref-type="table"} and [Supplemental Dataset](#supplemental-information){ref-type="supplementary-material"}.
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###### The general information and work efficiency of male and female groups.

![](peerj-04-2259-g005)

        Age (yr)       Height (m)                                     Weight (Kg)                                     BMI            Load (kg)                                      L/W           WE
  ----- -------------- ---------------------------------------------- ----------------------------------------------- -------------- ---------------------------------------------- ------------- ----------------------------------------------
  F     23.57 ± 0.79   1.63 ± 0.06[^a^](#table-1fn3){ref-type="fn"}   53.14 ± 5.18[^a^](#table-1fn3){ref-type="fn"}   20.01 ± 1.17   2.18 ± 0.73[^a^](#table-1fn3){ref-type="fn"}   0.05 ± 0.01   7.82 ± 2.16[^a^](#table-1fn3){ref-type="fn"}
  M     23.30 ± 1.25   1.74 ± 0.06                                    66.10 ± 10.15                                   21.78 ± 2.20   3.03 ± 0.78                                    0.04 ± 0.01   16.33 ± 6.46
  *t*   0.505          −3.699                                         −3.088                                          −1.933         −2.255                                         0.950         −3.866
  *P*   0.621          0.002                                          0.008                                           0.072          0.040                                          0.357         0.002

**Notes.**

Data is shown as mean ± SD.

BMIbody mass indexL/Wexercise load per body weight (Load/Weight)WEwork/energy cost ratioFfemaleMmale

Significant difference between males and females. *P* \< 0.05 means statistically significant difference.

Dynamic ^31^P-MRS results
-------------------------

[Figure 2](#fig-2){ref-type="fig"} shows a typical ^31^P-MRS spectra from the quadriceps of one volunteer. It displays five major peaks representing Pi, PCr, *α*-ATP, *β*-ATP and *γ*-ATP. The metabolite concentration, metabolite ratios and other parameters are shown in [Table 2](#table-2){ref-type="table"} and [Supplemental Dataset](#supplemental-information){ref-type="supplementary-material"}. Among PCr, Pi, PCr/Pi, PCr/ATP, pH, kPCr and oxidative capacity at different exercise status, only PCr/Pi (during-exercise, males = 5.630 ± 1.647, females = 4.014 ± 1.298, *p* = 0.047), PCr/ATP (during-exercise, males = 1.273 ± 0.219, females = 1.523 ± 0.167, *p* = 0.025), and ATP (post-exercise, males = 24.469 ± 3.911 mmol/kg, females = 18.353 ± 4.818 mmol/kg, *p* = 0.035) had significant sex differences. Males had significantly greater PCr/Pi, but less PCr/ATP than females during exercise, suggesting males had higher energy transfer efficiency than females. The PCr (females, pre-exercise = 47.948 ± 9.308 mmol/kg, post-exercise = 32.969 ± 6.387 mmol/kg, *p* = 0.018) and ATP (females, pre-exercise = 27.967 ± 4.521 mmol/kg, post-exercise = 18.353 ± 4.818 mmol/kg, *p* = 0.012) concentration of two groups decreased post-exercise, nevertheless, only that of females had significant differences compared to pre-exercise. The time-course of the changes in PCr/Pi ratio from pre-exercise to post-exercise for both male and female groups is displayed in [Fig. 3](#fig-3){ref-type="fig"}. There was a sharp decline in PCr/Pi ratio of both groups during-exercise. [Table 2](#table-2){ref-type="table"} shows the PCr/Pi ratio had significant differences among different phases for the female group, however the significant difference only existed between pre-exercise and other two phases for the male group. Post-exercise, the pH level (males, pre-exercise = 7.012 ± 0.019, post-exercise = 6.983 ± 0.026, *p* = 0.012) (females, pre-exercise = 6.995 ± 0.024, post-exercise = 6.962 ± 0.018, *p* = 0.045) significantly reduced compared to that of pre-exercise both in male and female groups.

![The ^31^P magnetic resonance spectroscopy obtained from a representative subject.\
(A--C) show a representative anatomical location image with the ROI volume box. (D) shows a representative ^31^P magnetic resonance spectroscopy from one subject.](peerj-04-2259-g002){#fig-2}
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###### The detail metabolite levels of male and female groups determined by ^31^P magnetic resonance spectroscopy and statistical result of them.

![](peerj-04-2259-g006)

  *Parameters*                                           *Male*                                            *Female*                                          P~4~
  ------------------------------------ ----------------- ------------------------------------------------- ------------------------------------------------- -------
                                       Pre-exercise      9.437 ± 2.175[^a^](#table-2fn2){ref-type="fn"}    9.699 ± 1.944[^a^](#table-2fn2){ref-type="fn"}    0.806
  PCr/Pi                               During-exercise   5.630 ± 1.647[^d^](#table-2fn5){ref-type="fn"}    4.014 ± 1.298[^c^](#table-2fn4){ref-type="fn"}    0.047
                                       Post-exercise     6.941 ± 1.676[^b^](#table-2fn3){ref-type="fn"}    6.432 ± 1.117[^b^](#table-2fn3){ref-type="fn"}    0.527
                                                         *F* = 10.346, *P* = 0.001                         *F* = 24.808, *P* = 0.000                         
                                                         *P*~1~ = 0.000, *P*~2~ = 0.008, *P*~3~ = 0.134    *P*~1~ = 0.000, *P*~2~ = 0.001, *P*~3~ = 0.011    
                                       Pre-exercise      1.655 ± 0.354                                     1.888 ± 0.340                                     0.354
  PCr/ATP                              During-exercise   1.273 ± 0.219[^d^](#table-2fn5){ref-type="fn"}    1.523 ± 0.167                                     0.025
                                       Post-exercise     1.725 ± 0.762                                     1.896 ± 0.484                                     0.608
                                                         *F* = 1.674, *P* = 0.209                          *F* = 2.519, *P* = 0.109                          
                                                         *P*~1~ = 0.179, *P*~2~ = 0.800, *P*~3~ = 0.097    *P*~1~ = 0.071, *P*~2~ = 0.966, *P*~3~ = 0.065    
                                       Pre-exercise      46.051 ± 9.782                                    47.948 ± 9.308                                    0.874
  PCr (mmol/kg)                        Post-exercise     34.024 ± 7.632                                    32.969 ± 6.387[^b^](#table-2fn3){ref-type="fn"}   0.850
                                       *P*~2~            0.253                                             0.018                                             
                                       Pre-exercise      5.124 ± 1.035                                     5.112 ± 1.004                                     0.989
  Pi (mmol/kg)                         Post-exercise     5.006 ± 1.305                                     5.279 ± 1.291                                     0.817
                                       *P*~2~            0.914                                             0.825                                             
                                       Pre-exercise      28.775 ± 6.983                                    27.967 ± 4.521                                    0.823
  ATP (mmol/kg)                        Post-exercise     24.469 ± 3.911[^d^](#table-2fn5){ref-type="fn"}   18.353 ± 4.818[^b^](#table-2fn3){ref-type="fn"}   0.035
                                       *P*~2~            0.173                                             0.012                                             
                                       Pre-exercise      7.012 ± 0.019                                     6.995 ± 0.024                                     0.264
  pH                                   Post-exercise     6.983 ± 0.026[^b^](#table-2fn3){ref-type="fn"}    6.962 ± 0.018[^b^](#table-2fn3){ref-type="fn"}    0.110
                                       *P*~2~            0.012                                             0.045                                             
  *k*~PCr~(s^−1^)                                        0.012 ± 0.003                                     0.011 ± 0.003                                     0.929
  Oxidative capacity (mmol/kg s^−1^)                     0.536 ± 0.130                                     0.549 ± 0.127                                     0.892

**Notes.**

During-exercise denotes the average level of all total six ^31^P-MRS spectra of during-exercise. Post-exercise denotes the first repeat ^31^P-MRS spectrum among total six spectra of post-exercise. *P* Compares pre-, during- and post-exercise. *P*~1~ Compares pre- to during-exercise. *P*~2~ Compares pre- to end-exercise. *P*~3~ Compares during- to post-exercise. *P*~4~ Compares males with females.

Significant difference between pre- and during- exercise.

Significant difference between pre- and post-exercise.

Significant difference between during- and post-exercise.

Significant difference between males and females. *P* \< 0.05 means statistically significant difference.

![Group mean (±SD) for the time course of phosphocreatine/inorganic phosphate ratio.\
^∗^ Denotes statistically significant difference between males and females. *P* \< 0.05 means statistically significant difference.](peerj-04-2259-g003){#fig-3}

Oxidative phosphorylation parameters
------------------------------------

At the post-exercise status, the recovery of PCr did not show sex difference. The recovery log(PCr) could adopt a linear fit model to calculate values for both groups ([Fig. 4](#fig-4){ref-type="fig"}). The mean values of *k*~PCr~ and oxidative capacity of male and female groups were shown in [Table 2](#table-2){ref-type="table"}. Although the *k*~PCr~ of males was slight higher and oxidative capacity was slightly lower than that of females, there were no difference of *k*~PCr~ and oxidative capacity between male and female groups.

![The recovery of phosphocreatine.\
Recovery line of logarithmic PCr predicted by a linear fit model for male and female groups.](peerj-04-2259-g004){#fig-4}

Discussion
==========

We applied a dynamic ^31^P-MRS to study dynamic changes in phosphate metabolite levels in exercising quadriceps, in order to study the differences between males and females under various metabolic states. Our results indicate that multi-dynamic ^31^P-MRS could effectively monitor the dynamic change of PCr, Pi and ATP.

In our study, the PCr/Pi ratio significantly decreased in during-exercise compared to pre-exercise in both males and females which closely matches with previously published research ([@ref-20], [@ref-20]; [@ref-22], [@ref-22]; [@ref-13], [@ref-13]; [@ref-16], [@ref-16]; [@ref-21], [@ref-21]; [@ref-9], [@ref-9]) ([Table 2](#table-2){ref-type="table"} and [Fig. 3](#fig-3){ref-type="fig"}). Although PCr/ATP also had a downtrend in during-exercise, it was not statistically significant. It is mainly because, in order to provide energy for muscular contraction, the high-energy molecule ATP splits into adenosine diphosphate (ADP), Pi, as well as \[H^+^\] ions by the ATPase enzyme. In order to re-phosphorylate ADP to ATP, a phosphate group of the PCr is transferred to ADP by the creatine kinase reaction. PCr acts as an intermediate energy buffer and 'shuttles' energy-rich phosphates from the mitochondria to the myofibrils ([@ref-3], [@ref-3]). In brief, PCr decreases as a result of PCr hydrolysis which maintains ATP homeostasis, crucial energy source readily used for muscle contraction ([@ref-21], [@ref-21]), with concomitant rise in Pi. But, to our knowledge, we are the first to report that PCr/Pi of males was significantly higher than that of females during-exercise, while PCr/ATP had the opposite trend. Considering that PCr/Pi is widely regarded as a sensitive marker of the muscle's energy reserve and oxidative capacity, it also represents the transfer efficiency of intracellular high-energy phosphate bonds ([@ref-22], [@ref-22]; [@ref-6], [@ref-6]). It may be inferred that there is a higher oxidative capacity and/or energy transfer efficiency in male. According to our data, we found calculated *k*~PCr~ and oxidative capacity to have no sex statistical difference. So, we concluded this sex difference is conceivably attributed to a higher energy transfer efficiency in males.

We found that PCr and ATP concentrations decreased both in males and females post-exercise, which represents PCr and ATP consumption to maintain the energy expenditure needed for exercise, but interestingly, there was only statistical differences in females. Besides, the PCr/Pi of females during-exercise was significantly lower than post-exercise, which was not found in the male group. There were no significant differences of PCr and Pi concentration between males and females post-exercise, however, the ATP concentration of females was less than that of males. Based on our results, there was sufficient evidence to conclude that females may have a greater consumption than males in exercise, which is consistent with our results that the WE of females exceeded that of males. This difference may be related to the difference in fiber type composition and contractile speed of skeletal muscle between males and females ([@ref-18], [@ref-18]).

In our study, the PCr recovery curve could be predicted by a monoexponential fit model for male and female groups ([Fig. 4A](#fig-4){ref-type="fig"}), a technique demonstrated in earlier published articles ([@ref-22], [@ref-22]; [@ref-13], [@ref-13]; [@ref-21], [@ref-21]). Furthermore, we used a logarithmic algorithm to change PCr values to log(PCr), as a consequence, the recovery log(PCr) could adopt a linear fit model to calculate values of both groups ([Fig. 4B](#fig-4){ref-type="fig"}). Our study did not demonstrate any significant differences in pH values at rest (pre-exercise) between males and females, which agrees with earlier investigations ([@ref-13], [@ref-13]; [@ref-2], [@ref-2]), along with the pH values of the quadriceps post-exercise. The pH decreased post-exercise on the order of some other related ^31^P-MRS research ([@ref-20], [@ref-20]; [@ref-10], [@ref-10]; [@ref-6], [@ref-6]), which is in line with our present study. As mentioned before, the ATP splits into ADP and Pi as well as \[H^+^\] ions as a result of the ATPase enzyme function, but in order to re-phosphorylate ADP to ATP, a phosphate group of the PCr must be transferred to ADP by the creatine kinase reaction. PCr acts as an intermediate energy buffer and 'shuttles' energy-rich phosphates from the mitochondria to the myofibrils ([@ref-3], [@ref-3]). Under this buffering, \[H^+^\] ion metabolism is balanced, and the pH remains unchanged at the onset of muscular work. The concentration of \[H^+^\] ions increased in line with the intensity of exercise continuing on until broken by the buffering of PCr, performed with a decreased pH value at the end of exercise.

In our study, the exercise load between females and males was different this has potential effect on the sex differences of PCr/Pi, PCr/ATP and ATP. Because we adopt the load program according to individual 25% MVC controlled by our force control and gauge system, which leads to the different exercise workload between males and females. However, generally, males display greater strength (load) and muscle capacity (weight) than females while performing a task. Therefore, we calculated L/W as the true load situation to compare between males and females. The result demonstrated there was no difference in load per bodyweight between males and females. Therefore, we think the individual load maybe more significant than the same exercise load to every subject with different body weight for detecting individual phosphate metabolisms and oxidative capacity.

In addition, 25% MVC should be considered as mild exercise condition. We need to find out if the conclusion from this study (25% MVC) could be generalized to other exercise situations (such as 50% or 75% MVC) or be valid for the same exercise workload to both males and females in our future study. We did try the same experience with 50% or 75% MVC in our preliminary study. However, 50% or 75% MVC is too much load to maintain the regular exercise in whole 5 min for most of subjects, especially for females. Maybe this question can be ruled out by applying different muscle loading to males only, and to evaluate if one could find differences of PCr/Pi, PCr/ATP and ATP between small muscle loading and large muscle loading group in males. Although most of subjects in this study couldn't tolerate large muscle loading, maybe we can recruit other appropriate volunteers (trained before) to fulfill this different load experience in the next work.

Limitations
-----------

Our study had several limitations. Firstly, the pedal of force control and gauge system is not adjustable for different individual length of crus, which potentially leads to deviation of the load calculation. However, to reduce the limitation as possible, we trained every volunteer strictly and matted the cotton cushion with variable thickness to control the same location of toes to the best of our ability. Secondly, the exercising muscles potentially generate a motion artifact during MRI acquisition, which was controlled in this study by firmly placing the ^31^P-MRS surface coil under the quadriceps and hold it tightly in place with cotton slivers to reduce the relative movement, in turn reducing the motion artifact and increasing the signal to noise ratio. Another limiting factor in this study was that the sample size was relatively small, and so the reliability and stability of the ^31^P-MRS approach applied on the quadriceps requires further confirmation with more subjects in the next following study.

Conclusions
===========

Our in-house force control and gauge system quantitatively applied force during the exercise for ^31^P-MRS experiments, and a sex difference of higher energy transfer efficiency and WE was detected in males with mild loaded exercising quadriceps. This noninvasive technology allows us to further study and understand the sex difference of high energy phosphate metabolism in the future.

Supplemental Information
========================
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###### Raw ^31^P magnetic resonance spectroscopy images and datasource from male group

Each phase of ^31^P magnetic resonance spectroscopy images and datasource from each volunteer in male group.

###### 

Click here for additional data file.
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###### Raw ^31^P magnetic resonance spectroscopy images and datasource from female group

Each phase of ^31^P magnetic resonance spectroscopy images and datasource from each volunteer in female group.

###### 

Click here for additional data file.
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###### The detail raw data from raw ^31^P magnetic resonance spectroscopy images and datasource

###### 

Click here for additional data file.
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